Zn-SiC nanocomposite coatings are successfully produced by galvanostatic electrodeposition from aqueous citrate solutions, using SiC nanoparticles (NPs) with an average size of 56 nm. The optimal parameters of the zinc-citrate bath are chosen on the basis of analysis of a thermodynamic model. The effect of applied current density, bath composition, and hydrodynamic conditions are studied. The kinetics and mechanism of zinc reduction in the presence of SiC NPs are investigated using cyclic voltammetry. The surface charge of SiC NPs suspended in the electrolyte solutions is examined by the dynamic light scattering technique. The electrodeposited Zn-SiC coatings are characterized by wavelength dispersive X-ray fluorescence and scanning electron microscopy. It is shown that SiC codeposition with Zn proceeds through the entrapment of ceramic NPs during the reduction of citrate-zinc ions that are first adsorbed on the surface of the ceramic NPs. A maximal content of 6.4 wt% SiC incorporated into the Zn matrix is obtained at the lowest applied current density of j = -0.5 A dm -2 , with a nearly constant faradaic efficiency of 90%. Electrodeposition is an attractive process for forming metal-matrix composite (MMC) coatings thanks to its simplicity, versatility, scaleup capability, ability to coat parts with complex geometries, and low cost. Furthermore, it is a non-line-of-sight process that can be conducted at ambient temperature and pressure, and can yield good strength of adhesion between the coating and the substrate. The fabrication of nano-composite coatings can be achieved via electrochemical deposition of the matrix material (e.g. metal, alloy, semiconductor, or conducting polymer) from a solution in which insoluble ceramic powders are dispersed. These composite coatings can offer substantial improvement of a variety of properties, such as hardness and strength, wear and corrosion resistance, self-lubrication, high-temperature performance, and chemical or biological compatibility. [1] [2] [3] [4] [5] A variety of ceramic particles have been incorporated into electrodeposits, including Al 2 O 3 , TiO 2 , ZrO 2 , Cr 2 O 3 , MoS 2 , WC, diamond, and SiC. SiC provides high wear, temperature, thermal shock, and corrosion resistance. It is chemically inert in all alkaline and acid solutions, and has superior hardness. Electrodeposition of MMCs with SiC reinforcement has already been widely studied, mainly with Ni matrices. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Zinc-based coatings are widely used for cathodic protection of steels from corrosion, due to their low cost and environment compatibility.
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A variety of ceramic particles have been incorporated into electrodeposits, including Al 2 O 3 , TiO 2 , ZrO 2 , Cr 2 O 3 , MoS 2 , WC, diamond, and SiC. SiC provides high wear, temperature, thermal shock, and corrosion resistance. It is chemically inert in all alkaline and acid solutions, and has superior hardness. Electrodeposition of MMCs with SiC reinforcement has already been widely studied, mainly with Ni matrices. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Zinc-based coatings are widely used for cathodic protection of steels from corrosion, due to their low cost and environment compatibility. 1 Zinc, however, has low hardness and low abrasion resistance, which can be improved by its reinforcement with ceramic particles. Yet, there are only few articles dealing with electrodeposition of Zn-SiC systems. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] The microstructure and properties of electrodeposited MMCs with ceramic particle reinforcement are affected by the particle chemistry, size, concentration, dispersion quality, and incorporation rate, as well as by the applied current/potential value and profile, pH, the presence of additives, temperature, and bath stirring. The incorporation of the inert particles into the deposit has been enhanced by high particle concentration, low electroactive species concentration, smaller-size particles, and pulsed current/potential. [20] [21] [22] 25, 26 SiC has been found to shift the reduction potential of zinc and hydrogen ions to more positive potentials, with an increase in both partial current densities. [18] [19] [20] Several hypotheses have been made to explain such effects of the inert particles on cathodic reactions: increase in cathode surface area due to the adsorbed particles, 27 change in texture promoted by the particles, 28 migration component, 27 and turbulent * Electrochemical Society Member. * * Electrochemical Society Fellow.
z E-mail: honorata.kazimierczak@gmail.com flow promoted by the particles. 29 Tulio and Carlos 19 suggested that SiC may be regarded as an additive that promotes Zn electrodeposition from acidic solutions. It has also been reported that SiC suspended in an aqueous solution is covered by a few nanometer thick layer of silica (SiO 2 ). Yeh and Wan 30 found the point of zero charge (PZC) of SiC to be at pH = 2.2, while Drzymała 31 characterized SiC as being hydrophobic.
Although significant effort has been made on electrodeposition of MMCs reinforced with ceramics, the mechanism of particle incorporation from suspension is not yet well understood. Several theories have been proposed, including electrophoresis, mechanical entrapment, adsorption, and convective-diffusion, 26 since Guglielmi first introduced his model of two successive adsorption steps. 32 The latter model was later expanded 33 to the Co-SiC system, relating weight percent of embedded particles to current density for different suspension particle concentrations. A mathematical model of the incorporation of SiC particles into a codeposited Ni film on a rotating disk electrode (RDE) was proposed by Eroglu and West. 34 According to this model, the particles are transported to the electrode surface, adsorb onto it, and are incorporated if the residence time of any individual particle on the electrode is sufficient to allow burial in the codeposited Ni. The rate of incorporation is thus proportional to the residence time, inversely proportional to the burial time, and is proportional to the number density of particles on the surface. These times are influenced by the hydrodynamics, particle size, current density, and concentration of dispersants used to stabilize the particles. Obviously, the use of each of the above theories is limited to specific experimental conditions. The objective of this work is to study the electrodeposition of ZnSiC composite layers from aqueous citrate-based electrolytes. The effects of applied current density, electrolytic bath composition, and hydrodynamic conditions are investigated in order to understand the kinetics and mechanism of the electrode processes taking place during codeposition of SiC with Zn from these electrolytes.
Materials and Methods
The plating baths were prepared by dissolving sodium citrate (0.25 M) and zinc sulfate (0.20 M) in deionized water, followed by the addition of SiC nanoparticles (NPs) together with gelatin (1 g L -1 ) as a surfactant. The pH was adjusted to 4.5 by the addition of sulfuric acid. All chemicals used were of analytical grade. The spherical SiC NPs were supplied by Nanostructured & Amorphous Materials, Inc. (Houston, TX), and had an average size of 56 nm. The solutions D527 were stirred magnetically for 24 h at 200 rpm before electrochemical deposition, in order to disperse the particles. All experiments were conducted at room temperature.
A thermodynamic model of the distribution of species in the ZnCit system was constructed on the basis of stability constants from the appropriate databases. [38] [39] [40] [41] Some additional stability constants were determined by Ozga et al. [42] [43] [44] The model calculations were run using the HYDRA and MEDUSA programs. 45 The electrochemical measurements were performed in a 200 cm 3 , three-electrode cell with a RDE, to ensure constant hydrodynamic conditions. An Ametek ParSTAT263A and a Metrohm Autolab PG-STAT302N potentiostats/galvanostats were used for cyclic voltammetry (CV) and electrodeposition, respectively. The working electrode was a copper disc placed in a sealed Teflon holder (active surface area of 2.83 cm 2 ). A platinum sheet (3.5 cm 2 ) was used as a counter electrode. All potentials were measured versus a saturated calomel electrode (SCE). The same scan rate of 35 mV s -1 was used in all voltammetry measurements, in which the potential scan was started in the negative direction, from -0.15 V vs. SCE.
Electrochemical impedance spectroscopy (EIS) measurements were carried out using a Bio-Logic SAS' VSP multichannel potentiostat/galvanostat in a three-electrode Flat Cell having a volume of 250 mL. The area of the working electrode was 1 cm 2 . A Pt mesh and a saturated Ag/AgCl (3 M KCl) electrode (+0.210 V vs. SHE) were used as the counter and reference electrodes, respectively. EIS measurements were conducted in the potential range from -0.3 V to +0.3 V versus open-circuit potential (OCP). A superimposed perturbation of 10 mV and a frequency range of 60 kHz to 10 mHz were used. The double-layer capacitance C dl was determined by fitting a simple Randles equivalent circuit. 1 The composition of deposits was determined by wavelength dispersive X-ray fluorescence (WDXRF). Analysis was carried out using a Rigaku Primini spectrofluorimeter with scintillation counters (LiF crystal). The weight percentage of SiC in the Zn-SiC composite was then calculated from the Zn and Si weight percentages, using Eq. 1:
where M Si and M C are the atomic masses of silicon and carbon, respectively. The current efficiency of the process was calculated according to Eq. 2:
where m Zn(r ) is the real mass of the deposited zinc matrix, m Zn(t) is the theoretical mass of deposited zinc calculated from Faraday's law, m is the mass of the deposited composite (Zn-SiC) layer, k Zn is the electrochemical equivalent of Zn (3.39 × 10 -4 g C -1 ), and Q is the charge applied during electrodeposition (= It). The Zn deposition rate was calculated from the known deposition time and the mass of deposits (subtracting the mass of SiC incorporated into Zn). The samples were weighed before and after deposition using Kern ALT analytical scales with a readability of 0.01 mg. The reproducibility of the electrodeposition process was verified using three to five replicates; typical results are reported herein.
The zeta (ζ) potential of SiC NPs suspended in citrate-based electrolytes was measured using a Zetasizer Malvern ZS system. The zeta potential was obtained from the electrophoretic mobility by the Smoluchowski equation. 46 The surface morphology and the crosssection of the Zn-SiC composite coatings were characterized by a FEI model Quanta 3D field-emission gun (FEG) scanning electron microscope (SEM), equipped with an energy-dispersive X-ray spectroscopy (EDS) Trident system (Apollo 40 EDS spectrometer).
Results and Discussion
Determination of the optimal electrolyte solution.-Aqueous citrate-based solutions were used for electrodeposition of Zn-SiC composite coatings, because they are non-toxic and form strong complexes with Zn(II). These solutions provide stable pH values in the range of 4.0-6.0 and are widely used in the electrodeposition of zinc and its alloys. [47] [48] [49] The concentration of the electroactive zinc citrate complexes depends on the citrate content in the solution. 42, 50 The concentration of sodium citrate in the electrolyte solution should be equal to, or slightly higher than, the concentration of the deposited metal ions. 51 Hence, the concentrations of zinc and citrate ions were 0.20 M and 0.25 M, respectively. The optimal pH value was defined as 4.5, at which the highest concentration of electroactive Zn(HCit) -exists. The concentration of the non-electroactive Zn(HCit) 2 4-is much lower, and increases greatly as the pH is increased, as shown in Fig. 1 . Also, the H 3 Cit concentration is low at pH = 4.5, ensuring a relatively low rate of hydrogen evolution.
Electrode reactions in the Zn-Cit system.-Reactions 3 through 10 list the reduction reactions that may take place in the Zn-Cit system: 42 All voltages listed above are the standard potentials versus SCE. The reduction of zinc according to Reaction 3 can be excluded, because the studied Zn-Cit bath at pH = 4.5 contained zinc mostly bound in the form of citrate complexes (Fig. 1) . Hence, zinc electrodeposition most likely proceeds through the reduction of Zn(HCit) − (Eq. 4) and ZnH 2 Cit 0 (Eq. 5), while the more negative Zn(HCit) 2 4− present in the bath (Fig. 1 ) was proved to be non-electroactive, 42 ,43 hence its reduction to zinc does not take place. The reduction of hydrogen according to Eq. 6 is negligible because of the negligible amount of free hydrogen ions in the electrolyte studied (Fig. 2) , while hydrogen evolution related to the decomposition of water (Eq. 10) is expected to occur only at very high overpotentials.
Hydrogen evolution by deprotonation of the carboxylate groups of citrate ions seems to be essential in the whole range of current/potential values considered (Eqs. 7-9). The hydroxyl group present in the HCit 3− ion ( Fig. 1 ) could theoretically also be the proton donor. However, it is generally considered that the hydroxyl group deprotonates only at highly alkaline pH values, estimated to be between 11 and 14.4; 52-57 hence, it is not considered herein. Eq. 7 may also be disregarded due to the lack of H 4 Cit ions in the investigated electrolyte solution at pH = 4.5 ( Fig. 1) .
In summary, it can be argued that in the studied Zn-Cit-based systems, zinc electrodeposition proceeds according to Eqs. 4 and 5, whereas hydrogen evolution proceeds mainly via the deprotonation of H 3 Cit − and H 2 Cit 2− complex ions (Eqs. 8 and 9, respectively).
Voltammetric investigation in Zn-Cit-based systems, with or without suspended SiC nanoparticles.-Cyclic voltammograms were measured in order to analyze the influence of suspended SiC NPs on the electrode processes occurring in aqueous zinc-citrate solutions ( Figs. 2 and 3) . In all cases, rising of the cathodic current density starts at -0.30 V vs. SCE, and a limiting current (plateau) is observed in a relatively small current range of 0.05-0.12 A dm -2 . Taking into account the standard potentials listed above and the low reaction rate reflected from this limiting current, it may be assumed that hydrogen evolution from free hydrogen ions (Eq. 6) is the related reaction. The amount of these ions is negligible according to Fig. 1 , and indeed is very small, but still noticeable in the CVs. Next, a sharp increase of cathodic current density starts at -0.9 V. The current density rises linearly with further shift of potential toward more negative values. The registered cathodic current density increases when the citrate concentration in the electrolyte is increased (Fig. 2a) . Hence, this part of the CV represents hydrogen evolution from citrate ions, Eqs. 8 and 9, which is enhanced as the concentrations of Zn(HCit) -and ZnH 2 Cit 0 species in the electrolyte are increased. These reactions are independent of the hydrodynamic conditions, and hence are activation-controlled at potentials up to about -1.7 V vs. SCE and the related current density of about -3.0 A dm -2 ( Fig. 2b , inset II). At higher polarization, hydrogen evolution becomes mass-transportcontrolled; it grows with the increase of rotation rate of the disc cathode (Fig. 2b) . In this range of current-potential, hydrogen evolution becomes intense: gas bubbles are observed on the cathode surface, and at the lowest RDE speed applied (150 rpm) they block the surface of the working electrode. The latter phenomenon is reflected in the CV by its irregularity and relatively small current density under such conditions. Higher RDE speeds ensure sweeping of hydrogen gas bubbles from the surface of the working electrode and continuity of reduction processes; hence, the voltammograms are smoother, and higher cathodic current densities are registered (Fig. 2b) . The lack of any anodic peak and clean surface of copper confirms that hydrogen evolution is the only process occurring under the chosen conditions.
Next, the effect of the addition of either SiC NPs or gelatin on the electrode processes was studied (Fig. 2c) . Neither gelatin nor SiC changes the course of the reduction of free hydrogen ions (Fig. 2c , inset), while both influence noticeably the kinetics of hydrogen evolution from citrate ions. Generally, the addition of gelatin inhibits the reduction reaction (probably, by the adsorption on the cathode surface). Gelatin is a hydrolysed form of collagen, which is sometimes added to electroplating baths (e.g., in zinc electrodeposition 58 ) to control the deposition rate, crystallization, leveling, and brightness of the deposit. Previously, Eliaz et al. 59 reported that gelatin changes the phase content in Zn-Ni, Zn-Co and Zn-Ni-Co alloys as a result of its adsorption on the surface of the cathode. In that case, the change in the CV was also reflected by a shift of the deposition potential to a slightly less negative value and a decrease in the deposition current density. On the other hand, the addition of SiC NPs to the Cit and Citgelatin systems enhances the kinetics of hydrogen evolution associated with the reduction of citrate ions (Figs. 2c) . The simultaneous presence of gelatin and SiC NPs in the citrate-containing electrolyte results in the electrode kinetics being very close to the one observed in a pure citrate bath (Figs. 2c, 2d ). The effect of RDE speed on electrode kinetics in the Cit-gel-SiC system is presented in Fig. 2d . This figure confirms the same trend observed in the citrate system, namely, at low RDE (150 rpm) and high polarization (up to -1.7 V vs. SCE), strong inhibition of the electrode processes is observed. This inhibition may be related to blockage of the cathode surface by hydrogen gas bubbles remaining on its surface. Furthermore, the current density registered in the presence of suspended SiC NPs is even smaller than the one observed in pure citrate bath under the same conditions, which suggests that SiC NPs may also block the electrode surface.
Next, the electrodeposition of zinc is analyzed (Fig. 3) . Zinc reduction starts at a potential of about -1.15 V vs. SCE (Fig. 3a, inset) , and the cathodic current density increases apparently with the shift of potential toward negative values. The anodic peak associated with the oxidation of previously deposited zinc starts at about -1.05 V vs. SCE, and its height grows with the increase of zinc sulfate in the electrolyte (Fig. 3a) , as well as with the increase of RDE speed (Fig. 3b) . A careful inspection of the cathodic part of the CVs obtained in the Zn-Cit system (Fig. 3b , insets I and II) allows to notice an overlapping effect of hydrogen evolution and zinc deposition under the conditions studied. Namely, the beginning of hydrogen evolution from citrate ions can be noticed as a curvature at 0.9 V vs. SCE (Fig. 3b, inset I) . It represents hydrogen evolution on the surface of the copper substrate. Next, after a sharp increase of cathodic current density, associated with the beginning of zinc deposition, another bending of the voltammetric curve is observed at -1.2 V and a related current density of about -0.6 A dm -2 ( Fig. 3b, inset II) . It can be explained again as a beginning of hydrogen evolution due to reduction of citrate ions, albeit this time on the zinc surface. Such hypothesis is in line with the course of hydrogen evolution on the zinc surface in pure citrate electrolyte (gray line in inset II of Fig. 3b) .
The presence of SiC NPs in the Zn-Cit system does not seem to change considerably the kinetics of electrode reaction compared to pure Zn-Cit electrolyte. On the other hand, the addition of gelatin results in significant inhibition of the zinc deposition reaction (Fig. 3c) . The start of zinc deposition at about -1.15 V is followed by the immediate adsorption of gelatin on the cathode surface, which results in the formation of a characteristic cathodic peak in the CV (Fig. 3c , inset III). The anodic peak associated with the oxidation of previously deposited zinc is observed in the voltammogram with a vertex potential E v = -1.2 V (Fig. 3 , inset III, orange line), thus confirming that the discussed cathodic peak is associated with Zn deposition. Next, a notably lower anodic peak of zinc oxidation in the Zn-Cit-gel system, as compared to other Zn-Cit systems considered (Fig. 3c) , confirms the gelatin inhibition effect. Further addition of SiC to the Zn-Cit-gel system results in the enhancement of the rate of zinc deposition, as evident from the observed cathodic current density as well as the height of the anodic peak -similar to those observed in the Zn-Cit and ZnCit-SiC systems. The cathodic region, with a characteristic bending starting at -1.2 V vs. SCE (-0.6 A dm -2 ), is clearly more pronounced in the case of Zn-Cit-SiC-gel (Fig. 3c , inset II) in comparison to Zn-Cit (Fig. 3b, inset II) . This is related to the shift in the reduction potential of citrate ions on zinc due to adsorption of gelatin (Fig. 2c,  inset) . Moreover, as evident in inset I of Fig. 3c , the rate of hydrogen evolution due to reduction of citrate ions (starting at -0.9 V vs. SCE) is also promoted in the presence of suspended SiC NPs, both in the Zn-Cit and in the Zn-Cit-gel systems. Finally, Fig. 3d presents the influence of hydrodynamic conditions on the kinetics of the electrode processes in the Zn-Cit-SiC-gel system. It is evident that the process of hydrogen evolution at low polarization (Fig. 3d, inset I ) depends on the RDE speed, while the current density associated with zinc deposition at polarization of -1.5 to -2.0 V vs. SCE (related current density values of up to -3.0 A dm -2 ) is independent of the RDE speed. This implies that this reaction is activation-controlled. Further negative shift of potential results in the change of the kinetic regime, to diffusion-controlled. Also, the characteristic blockage of the cathode surface by hydrogen gas bubbles at high polarization and low RDE (150 rpm) is observed in the Zn-Cit-SiC-gel system. In summary of this section, it is concluded that zinc deposition is possible in the presence of SiC NPs suspended in Zn-Cit electrolyte together with gelatin. Gelatin inhibits the reduction processes by adsorption on the cathode surface, while the addition of SiC seems to hinder, or almost eliminate, the effect of gelatin in the studied system. Such enhancement of the kinetics by the presence of NPs may be associated with the adsorption of gelatin and citrate ions on the surface of the ceramic NPs, thus changing their speed of transport to the cathode. To verify this hypothesis, zeta-potential measurements were performed; the results are described in the following section.
Zeta potential of SiC nanoparticles.-As evident from Fig. 4a , the zeta potential of SiC NPs suspended in pure deionized water is around -25 mV. This value is essentially unchanged when gelatin is added, implying that gelatin does not change the surface charge of SiC, i.e. gelatin does not interact with SiC in pure water. The addition of zinc ions in the absence of citrate and gelatin practically does not influence the measured zeta potential, whereas the addition of citrate ions to the H 2 O-SiC system results in a slight change of the surface charge to a more negative value (-29 mV). The zeta potential of SiC NPs is most negative (-36 mV) in the Zn-Cit solution. These results clearly indicate the adsorption of negative citrate and zinc-citrate ions onto the surface of the SiC NPs, thus changing their surface charge.
Due to the very high molecular weight of gelatin, its content in the plating baths in the present study represents a concentration, which is several orders of magnitude smaller than the concentration of the zinc ions. Thus, gelatin could not act as a complexing agent. Gelatin can be regarded as an amphoteric surfactant due to the presence of both carboxylic and amino groups. 35 However, it shows cationic behavior at pH values below its isoelectric point (pH < 4.7-5.4), because of the protonation of amino groups. [35] [36] [37] Consequently, the addition of gelatin results in shift of the zeta potential to less negative values, regardless of whether the system is H 2 O-Cit, H 2 O-Zn, or H 2 O-CitZn (Fig. 4a) . This is a proof of the adsorption of gelatin on the surface of the SiC NPs. The zeta potential of SiC increases with the increase of gelatin concentration in the Zn-Cit electrolyte, up to a limiting value of 1.5 g dm -3 (Fig. 4b) . In contrast, the increase of the zinc ion (Fig. 4c ) and citrate ion (Figs. 4d) concentrations in Zn-Cit electrolytes results in a noticeable decrease in the charge of the SiC surface, to more negative values, as long as all zinc and citrate ions are bound to each other in the form of Zn-Cit complex ions. Once there is excess of either free zinc ions or free citrate ions, the zeta potential starts to increase (to less negative values). The data presented in Figs. 4b, 4c, 4d is in line with the dependences shown in Fig. 4a and supports the adsorption of negative Cit and Zn-Cit ions as well as positive gelatin fragments on the surface of the SiC NPs in the studied electrolyte solutions.
Electrodeposition of Zn and Zn-SiC layers.-Galvanostatic DC electrodeposition of Zn-SiC composite layers from Zn-Cit-gel-SiC bath was studied and compared with that of pure Zn deposition from a Zn-Cit-gel electrolyte (Fig. 5) . This comparison allows to better understand the effect of suspended SiC NPs in solution. Figure 5a shows the dependence of the content of SiC incorporated into Zn deposit on the applied current density, whereas Fig. 5b and Fig. 5c show the dependences of current efficiency and zinc deposition rate, respectively.
From Figs. 5b, 5c it is evident that the addition of suspended SiC NPs has a significant effect on the kinetics of zinc deposition. This behavior is consistent with the results obtained from cyclic voltammetry (Figs. 2 and 3) , and can be explained by the adsorption of gelatin molecules on the SiC particles (Fig. 4) , which do not adsorb directly on the cathode, therefore undermining their inhibiting effect on the Zn reduction process. The dependence of the composition of Zn-SiC electrodeposits on the applied current density is twofold: (I) at smaller current densities (from -0.5 to -3.0 A dm -2 ), the amount of the codeposited SiC is independent of the of velocity of the RDE (in the studied range of 150 to 300 rpm), and (II) at higher current densities (from -4.0 to -7.0 A dm -2 ), the content of SiC in Zn-SiC deposits depends on mass transport limitation, and is noticeably higher for the higher RDE speed considered (i.e. 300 rpm), see Fig. 5 . The observed phenomena can be associated with a change in the kinetic regime of the electrode processes, from activation controlled at smaller current densities (I) to diffusion-limited at higher current densities (II), as indicated by the voltammetric analysis too (Fig. 3d) .
In part (I), where zinc deposition is controlled by charge transfer, the rate of codeposition of SiC NPs does not change considerably with the increase of the flux of the particles to the growing layer surface, as the RDE speed is increased from 150 to 300 rpm. Hence, no matter how many SiC particles surrounded by adsorbed Zn-Cit complexes reach the cathode surface, the SiC embedment rate is controlled by the rate of the Zn electrodeposition, which is independent of the mass transport rate under these conditions. At higher cathodic current densities, part (II), when the zinc deposition process is diffusion controlled, the increase of RDE speed leads to rise of SiC flux toward the cathode surface, thus resulting in the increase of SiC content codeposited with Zn ( Fig. 5a) , along with the increase of current efficiency (Fig. 5b) and Zn deposition rate (Fig. 5c ). This implies that only SiC particles that are part of the reduction processes are incorporated into the zinc matrix, indicating that SiC codeposition takes place by the entrapment during the zinc electrodeposition from the Zn-Cit adsorbed on the SiC NPs. However, not all Zn-Cit ions in the electrolyte are expected to be bound with SiC NPs via adsorption; the zinc electrodeposition process may proceed through both the reduction of freely solvated Zn-Cit complex molecules from the bulk solution and Zn-Cit adsorbed on SiC. Therefore, the concentration of codeposited SiC is a result of the total growth rate of the depositing Zn film and the residence time of the particles on the growing surface. 2 At higher cathodic currents, part (II), when the Zn deposition rate grows explicitly with the increase of applied current density (Fig. 5c) , the Zn deposition rate increases, and the weight percent of SiC slightly decreases (Fig. 5a) . Moreover, the hydrogen evolution rate generally increases significantly as the current density increases, which is reflected by a decrease in current efficiency (Fig. 5b) . At current densities higher than -5.0 A dm -2 , the Zn deposition rate decreases only in the case of RDE speed of 150 rpm. This is associated with the intensive hydrogen evolution and the blockage of the cathode surface by the hydrogen gas bubbles remaining on its surface at the lowest RDE speed applied. At higher rotation rate, these bubbles are more easily "swept" from the surface, ensuring the continuity of the proceeding electrode reactions.
The dependences of SiC wt%, current efficiency, and Zn deposition rate at smaller current densities, part (I), are more complex, and can be divided into three subparts: j = -0.5 A dm -2 , j from -1.0 to -2.0 A dm -2 , and j = -3.0 A dm -2 . At j = -0.5 A dm -2 , the current efficiency (Fig. 5b) and Zn deposition rate (Fig. 5c) reach similar values for both the Zn-Cit-gel and Zn-Cit-gel-SiC systems. The current efficiency of pure zinc deposition process is the highest (Fig. 5b) ; the content of SiC codeposited with zinc also reaches a maximum (Fig. 5a ). Such maxima of ceramic particles incorporation in electrodeposited metal matrices have been observed in the literature, [60] [61] [62] suggesting that they occur at the potential of zero charge (E pzc ). 60, 61, 63 The latter is defined as the potential at which the net surface charge density equals zero. 64 It was suggested that the short-range repulsive hydration force due to ordering of solvent molecules at interfaces in concentrated electrolytes is minimal if the electric field at the electrode is minimal (i.e., at E pzc ). This would enable ceramic particles to get closer to the electrode, so that the particles are attached to the growing deposit by dispersion forces. 61, 62 Moreover, a maximum in the particle inclusion vs. current density could be caused by changes in the ordering of the water dipoles due to changes in electrode charge. 60, 63 Left or right from the PZC, the electric field near the electrode increases, and the water dipoles line up, either flipped up or down according to the sign of the electric field. 60 Since SiC is hydrophobic, it would codeposit readily as long as it can be kept in suspension during electrolysis. Since E pzc corresponds to the potential at which the double-layer capacitance C dl reaches a minimum, 60, 65, 66 EIS measurements were performed to determine the values of C dl and estimate E pzc in the studied system. Fig. 6 shows the C dl vs. potential curve compared with the dependence of the deposition current density and associated potential values. A minimum in C dl is evident at about -1.20 V vs. SCE. This value of E pzc coincides with the overpotential registered during galvanostatic Zn and Zn-SiC deposition at j = -0.5 A dm -2 , thus confirming that the maximum in the codeposition of SiC is linked to the E pzc (Figs. 5a and 6 ). Furthermore, no adsorption of gelatin occurs on the cathode at E pzc , which could explain the same kinetics of Zn electrodeposition at j = -0.5 A dm -2 in both Zn-Cit-gel and Zn-Cit-gel-SiC systems (Figs. 5b, 5c ).
At cathodic current densities higher than j = -0.5 A dm -2 , the working electrode begins to be polarized negatively. However, both citrate-based complex ions and SiC NPs are also negatively charged (Figs. 1 and 4) , hence their migration to the cathode cannot be explained by a simple electrostatic attraction. These phenomena are commonly known, and it is considered that the electrodeposition of metals mainly proceeds on the cathode through the multistep reduction of negatively charged ions. These complex anions approach the cathode by convection and/or diffusion, while specific adsorption effects can occur in the double layer. 67 The mechanism explaining those phenomena is still not fully understood. Here, it is only essential to state that SiC particles surrounded by adsorbed Zn-Cit ions are expected to be attracted to the cathode surface by the same force as freely solvated Zn-Cit ions. On the other hand, mass transport from the bulk can also be affected by the presence of solid ceramic particles suspended in the electrolyte. It is commonly considered that solid particles dispersed in a liquid may enhance the convective mass transport. It was shown [68] [69] [70] that solid particles in the electrolyte may establish local "micro-convective" flows (resulting from the rotation of solid particles), which superimpose on the bulk flow field. Furthermore, the rotation of the particles in the diffusion layer causes a decrease of the average diffusion layer thickness, while the value of the diffusion coefficient is expected to be unaffected by the particles. However, it should be noted that, in cases used to create the abovementioned model, the particles were not incorporated into the electrodeposited layer, but were only swept toward the cathode surface. In contrast, herein the SiC particles embed into the zinc coating. SiC is known for its electrical semiconductor properties, 71 ,72 yet it has a comparatively much higher resistivity than the zinc matrix. Consequently, higher nucleation overpotential and lower charge transfer rate are expected on the surface of adsorbed SiC particles.
The opposite effect, observed in the Zn-Cit-SiC system, can be explained by the fact that Zn-Cit ions adsorb on the SiC NPs in the electrolyte solution. Thereby, the SiC NPs adsorbing on the cathode surface are the carrier of electroactive Zn-Cit ions, which undergo an electroreduction process while SiC particles are entrapped in the deposited layer.
Furthermore, at cathodic current densities higher than j = -0.5 A dm -2 , the current efficiency of pure zinc deposition drops sharply due to inhibition of the process by the adsorption of the gelatin on the cathode surface. Interestingly, the effect of a decrease of the RDE rotation rate on pure zinc electrodeposition, at current densities from -1.0 to -3.0 A dm -2 , results in an increase of both zinc deposition rate and current efficiency.
It has been claimed by Kazimierczak et al. 51 that zinc reduction from citrate complexes occurs in two separate steps. Therefore, Eqs. 4 and 5 from Electrode reactions in the Zn-Cit system section can be presented in two steps. The first step occurs according to the outersphere charge transfer mechanism: Zn(II) is reduced to Zn(I), leading to the formation of a Zn(I)-citrate complex adsorbed on the surface of the cathode, Eqs. 4a and 5a. The adsorbed citrate complex of zinc can be reduced further to Zn, according to an inner-sphere charge transfer mechanism, Eqs. 4b and 5b: (5b, inner-sphere)
In these equations, the designation Cit 4− is used for the citrate anion, thus representing the fully deprotonated form of citric acid (H 4 Cit, or C 6 H 8 O 7 ). This designation eliminates the necessity to describe the deprotonated citrate ion as H −1 Cit 4− , which is the case when using the Cit 3− designation. 73 In inner-sphere charge transfer reactions, the reactants are in direct contact with each other, without any intervening solvent molecules. The reactants get coupled so tightly to each other during the reaction, forming an activated complex, which can be regarded as a 'single' entity. In the case of metal complexes, the main energy changes connected to the electron transfer are ascribed to a variation in the bond lengths or angles between the metal and the ligands. In contrast, in outer-sphere charge transfer reactions, the reactants are separated from each other by some solvent molecules due to the solvation of the reactants. Outer-sphere mechanisms require that the reactants become so close to each other that the first solvation spheres touch each other. Then, a so-called electron hopping is possible. 74 A sufficiently long residence time of adsorbed citrate complexes of Zn(I) is necessary for Zn deposition at low polarization, where Reactions 4 and 5 are relatively slow. The decrease of Zn deposition rate and current efficiency with the increase of rotation rate suggests that the Zn(I) species formed by outer-sphere charge transfer reactions may be more easily removed from the cathode surface when the RDE speed is increased. A deeper understanding and confirmation of this theory requires further research, which is behind the scope of the work presented herein. It is suffice to note that at current densities of up to -3.0 A dm -2 , a decrease of the RDE speed results in a slight increase of both the Zn deposition rate and current efficiency (Fig. 5b) .
The changes in the amount of SiC codeposited with zinc at current densities from -1.0 to -2.0 A dm -2 and the value registered at -3.0 A dm -2 ( Fig. 5a ) may be related to the difference in the standard potentials of the two reactions expressed in Eqs. 4 and 5, and consequently, the sequence of reduction reactions.
It was shown before 51 that ZnH 2 Cit 0 and Zn(HCit) -do not react with one another, and that they are reduced on the cathode independently of each other, one after the other. At lower polarization (less negative than -1.7 V vs. SCE), only the ZnH 2 Cit complex, which exists at lower concentrations ( Fig. 1) , is reduced. In contrast, at potentials more negative than -1.7 V, reduction of both ZnH 2 Cit 0 and Zn(HCit) -takes place. This can clearly be related to the phenomena observed during electrodeposition in the Zn-SiC system. When ZnSiC is electrodeposited at -1.0 to -2.0 A dm -2 , the registered cathodic overpotential does not exceed -1.6 V vs. SCE (Fig. 6) , and the concentration of codeposited SiC is about 3 wt%. The overpotential when applying -3.0 A dm -2 is -1.72 V vs. SCE, and the content of incorporated SiC increases to about 4 wt% (Fig. 5a) . Thus, if both ZnH 2 Cit 0 and Zn(HCit) -ions are adsorbed on the SiC particles, and the SiC codeposition takes place via entrapment of ceramic particles during the zinc electrodeposition from Zn-Cit adsorbed on its surface, then under conditions when more (Zn-Cit) ads SiC ions can be reduced (i.e., at j = -3.0 A dm -2 ), the probability of SiC entrapment in the growing Zn matrix is the highest. Fig. 7 shows the effect of the concentration of SiC NPs suspended in the electrolyte on the Zn-SiC codeposition process at three selected current densities of -0.5, -3.0, and -5.0 A dm -2 . The lowest rotation rate (150 rpm) was chosen here due to the fact that the attraction of SiC particles and Zn-Cit molecules to the cathode surface and their residence time seem to be favourable under such hydrodynamic conditions. In all three cases, the amount of SiC codeposited with Zn increases with the increase of the SiC concentration in the electrolyte (Fig. 7a) . At -0.5 A dm -2 , where Zn-SiC codeposition is the slowest, codeposition of SiC proceeds only via the reduction of ZnH 2 Cit 0 , and is related to E pzc . Thus, the increase of the weight percent of SiC incorporated into the Zn matrix is clearly related to the increase of Zn deposition rate (Fig. 7c) , and consequently -to current efficiency (Fig.  7b) . This confirms that, under such conditions, zinc deposition occurs mainly through the reduction of ZnH 2 Cit 0 ions adsorbed on SiC. Therefore, the increasing amount of SiC NPs attracted to the cathode surface does not hinder, but actually enhances, the electrodeposition process.
At -3.0 A dm -2 , the reduction of Zn is significantly faster, proceeding largely through the reduction of freely solvated Zn-Cit ions. Therefore, the increasing concentration of SiC adsorbed on the cathode results in a slight decrease of both current efficiency and Zn deposition rate (Figs. 7b, 7c) . At higher RDE speeds (not shown here), such a decrease of current efficiency was not observed, possibly because the responsible species is swept from the cathode surface. Therefore, the above phenomena may be related to the blockage of the flux of freely solvated Zn-Cit ions to the cathode surface in the presence of a growing concentration of SiC in its vicinity. The hydrogen evolution rate is not significant under such conditions. However, pure citrate ions, which result from relatively fast zinc reduction processes, Eqs. 4 and 5, may remain in the vicinity of the cathode surface, thus inhibiting the zinc reduction process. Consequently, all the phenomena observed during the Zn-SiC electrodeposition at j = -3.0 A dm -2 are the result of overlapping of all processes described above. Namely, the two main processes taking place simultaneously: reduction of Cit-Zn ions adsorbed on SiC NPs, and Zn reduction from the freely solvated Cit-Zn ions. The latter is hindered by the excess of SiC and citrate ions remaining in the vicinity of the cathode surface.
At -5.0 A dm -2 , the aforementioned hindering of zinc deposition due to increasing concentration of SiC is more pronounced, and results in the pronounced decrease of current efficiency and zinc deposition rate when the concentration of SiC suspended in the electrolyte exceeds 60 g dm -3 . This can be associated with the fact that, under such conditions, both zinc deposition and hydrogen evolution processes are relatively fast, and the hydrogen gas bubbles remain on the cathode surface and block it. Additionally, SiC is considered a catalyst for hydrogen evolution, 75, 76 thus the higher is the amount of SiC on the cathode -the faster is the hydrogen evolution process. Moreover, SiC at higher concentration is more likely to form agglomerates, while intensive hydrogen evolution leads to the formation of porous and rough electrodeposits; hence, SiC NPs are more likely to be mechanically entrapped in large clusters, thus blocking the cathode more easily.
SEM characterization of Zn-SiC deposits.-SEM images of the cross-section of Zn-SiC layers electrodeposited from baths containing different concentrations of SiC are shown in Fig. 8 . This figure confirms that SiC particles are incorporated into the Zn matrix. In addition, it can be noticed that the increase of the concentration of suspended SiC in the bath leads to more agglomeration of NPs and their entrapment as aggregates.
SEM images at high magnification reveal that SiC is not only incorporated into the Zn matrix in the form of agglomerates, but there are also small individual SiC particles distributed in the volume of each coating. It should also be mentioned that the structure may contain some cavities in the Zn matrix. Hence, it is very important to differentiate between pores and particles. Cavities yield various contrasts in an image, but their compositions are the same as the matrix. Fig. 9 shows the cross-section of a chosen Zn-SiC coating, with marked crosses where local chemical analysis was conducted. The limited resolution of the SEM-EDS microanalysis (of about 1 μm) and the presence of either individual SiC NPs or their agglomerates close to each other might affect the results. Nonetheless, the considerable differences observed in the composition at various characteristic points in the cross-section of the coating confirm that the black and dark gray spots visible in the cross-section are enriched with SiC.
Conclusions
r Pure zinc and Zn-SiC composite coatings were successfully electrodeposited from aqueous citrate solutions at pH = 4.5 under constant direct current conditions within the current density range of -0.5 to-7.0 A dm -2 .
r Zeta potential measurements confirmed the adsorption of citrate and citrate-zinc ions on the surface of the SiC NPs.
r SiC incorporation behavior as a function of current density can be described by several regions: (1) a region where the SiC content in Zn-SiC deposits reaches a maximum (explained by the condition of potential of zero charge), (2) a region with a pronounced decline in incorporation, followed by its slight increase (related to the activationcontrolled reduction of ZnH 2 Cit 0 and Zn(HCit) -ions adsorbed on SiC NPs, respectively), and (3) a region with another decrease of SiC incorporation together with current density increase (which is linked to mass transport-limited conditions and intensive hydrogen evolution).
r A scheme describing the mechanism of electrode reactions occurring in the studied Zn-Cit and Zn-Cit-SiC systems is proposed. It is shown that SiC codeposition with Zn proceeds through the entrapment of ceramic NPs during the reduction of citrate-zinc ions firstly adsorbed on their surface, which can be schematically described by either inner-sphere or outer-sphere charge transfer reactions:
Zn(HCit) − + SiC → Zn(HCit) − ads (SiC) [11] Zn(HCit) r Zinc electrodeposition may proceed either via the reduction of freely solvated Zn-Cit complex molecules from the bulk of the solution or via Zn-Cit adsorbed on SiC NPs. Therefore, the concentration of codeposited SiC is a result of the total growth rate of the depositing Zn film and the residence time of the NPs on the growing surface, which changes when the electrode kinetics control (activation or diffusion) is changed under the chosen current/potential conditions. r The content of SiC NPs in the coating is influenced by current density, RDE speed, and SiC NPs concentration in the electrolyte solution. The maximum SiC content of 6.4 wt% in the Zn coating was obtained when the SiC NPs concentration in the plating bath was 120 g dm -3 , the current density was -0.5 A dm -2 , and the RDE speed was 150 rpm. The current efficiency of the electrodeposition process was maintained at around 90%.
r SEM observation confirmed the incorporation of SiC NPs into the volume of the Zn matrix layer, both in the form of agglomerates of various sizes and as individual SiC particles.
